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A UNIFIED  APPROACH  FOR  DETERMINING  HUMAN  RESPONSE  TO  SOUND 


SECTION  I 
INTRODUCTION 


There  are  today  numerous  ways  of  determining  human  response  to  audible 
sounds  (References  1,  2,  and  3)  which  have  evolved  during  the  past  30 
years.  Because  the  calculation  methods  are  different  and  also  quite 
complex,  they  introduce  problems  to  the  user  who  must  choose  first 
an  appropriate  method  for  his  purpose  and  then  master  the  many  steps 
required  to  measure  and  then  calculate  the  desired  human  or  community 
response  to  the  often  peculiar  sounds  the  operational  system  generates. 

The  sound  characteristics  of  the  source  whether  impulsive,  steady-state 
or  combinations  of  both  types,  their  definition  and  the  semantic  pro- 
blems involved,  have  led  to  different  methods  of  quantifying  human 
reaction  to  different  type  sources.  The  variable  nature  of  the 
atmosphere  or  path  over  which  the  sound  is  transmitted  introduces  vari- 
ability but  most  of  all  the  complicated  characteristics  of  the  receiver 
man  viewed  living  alone  or  in  communities  has  contributed  most  to  the 
proliferation  of  measures  and  calculation  procedures. 

For  optimum  system  design  and  operation,  what  is  required  is  a unifying 
approach  to  determine  the  response  of  man  and  communities  to  all  of 
the  many  sounds  the  operational  system  may  generate. 

It  would  be  ideal  if  a single,  simple  approach  to  the  known  physical 
nature  of  sound  could  be  used  for  the  prediction  of  human  reaction  over 
the  complete  continuum  of  audible  sounds  no  matter  what  their  physical 
nature  or  their  variation  with  time.  To  achieve  this  goal,  the  follow- 
ing work  is  dedicated. 

To  achieve  the  goal  of  developing  a single  method  of  predicting  human 
response  to  all  types  of  sounds,  the  method  must  predict  with  confidence 
the  human  reaction  to  both  steady-state,  impulsive  sounds  and  their 
combination. 
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For  impulsive  sounds  like  sonic  booms  which  have  posed  a difficult 
problem  to  quantify,  the  work  contained  in  References  4 and  5 presents 
a simple  solution.  The  human  reaction  to  sonic  boom  is  found  to 
correlate  with  the  peak  overpressure  (&P)  divided  by  the  amount  of 
time  required  to  reach  that  peak  pressure  or  the  rise-time  (T") . The 
conclusion  is  that  the  human  reaction  or  perceived  level  (PLdB)  of 
an  impulsive  sound  may  be  quantified  as  follows: 

Perceived  Level,  PLdB  = 55  + 20  Log^g  [dP  (PSF)/^"  (sec)]  (1) 

Perceived  Level,  PLdB  =21+20  Log^g  [A P (N/M 2)/7"  (sec)]  (2) 

Perceived  Level,  PLdB  = 1 + 20  Log^g  [&P  (m8 )/7*  (sec)]  (3) 

The  development  of  this  formula  for  the  perceived  level  of  impulsive 
sound  such  as  a sonic  boom  evolved  as  follows:  Based  on  the  1965 

work  of  Zepler  and  Harel  (Reference  6)  a memorandum  (Reference  7)  was 
written  February  21,  1968,  and  discussed  with  the  Operations  and 
Engineering  personnel  of  the  U.S.  Supersonic  Transport  (SST)  Development 
Office  urging  the  adoption  of  a Sonic  Boom  Index  = K£P fr' . The 
objective  was  to  communicate  with  aircraft  designers  the  importance 
of  another  sonic  boom  signature  parameter  in  addition  to  overpressure 
(/iP),  i.e.,  the  interaction  of  rise-time  ('7")  and  overpressure. 

It  was  seen  at  that  time  that  rise-time,  i.e.,  the  amount  of  time  required 
to  reach  maximum  peak  overpressure  in  the  above  equation  was  of  equal 
importance  as  overpressure,  i.e.,  AP  in  affecting  human  reaction  to 
sonic  booms.  This  memorandum  was  followed  by  papers  (References  8,  9, 
and  10)  outlining  the  relationship  between  overpressure/rise-time  and 
human  response  expressed  by  Figure  1 and  subsequently  adding  the  perceived 
levels  based  on  the  Edwards  Air  Force  Base  (AFB)  Sonic  Boom  Test  results. 
This  was  possible  as  a jury  of  Edwards  AFB  subjects  found  sonic  booms 
with  an  average  overpressure  of  1.69  psf  to  be  equivalent  to  the  105  PNdB 
flyover  noise  of  a KC-135  aircraft  (Reference  11). 

Testing  the  hypothesis  that  average  rise-time  was  equally  important 
as  average  overpressure  regarding  the  judged  perceived  level,  the  next 
step  was  to  determine  the  rise-time  associated  with  this  judgement. 

A rise-time  of  0.005  seconds  was  found  to  be  appropriate  based  on 
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available  Edwards  AFB  test  data.  The  perceived  level  for  other 
combination  of  AP/y  could  then  be  calculated  based  on  the  proposi- 
tion that  a doubling  of  overpressure  or  a halving  of  rise-time  in- 
creased the  perceived  level  by  6 PNdB. 

It  only  remained  to  quantify  this  relationship  as  shown  subsequently 
in  Equation  (1)  to  arrive  at  a very  quick  and  simple  approach  to 
determining  the  perceived  level  of  a sonic  boom  when  overpressure  and 
rise-time  are  known.  The  most  important  idea  is  that  the  Boom  Index 
and  Equation  (1]  hold  the  key  to  unlocking  the  required  design  criteria 
for  supersonic  aircraft. 

The  general  formula  for  estimating  the  perceived  levels  of  sonic  boom 
was  derived  as  follows: 

The  Edwards  AFB  sonic  boom  test  results  indicate  that  a sonic 
boom  doubled  in  perceived  noise  level  (PNL)  for  each  6 PNdB 
increase.  Therefore,  the  PNL  of  a sonic  boom  increases  as  a 
function  of  20  LogjQ  X as  when  X doubles  or  is  2 then  the  PNL 
increases  by  6 PNdB  (20  times  .3).  The  unknown  X in  the 
equation  is  of  course  the  relationship  of  overpressure  per  unit 
time,  i.e.,  X = AP/y  . 


The  subjects  rating  the  sonic  booms  at  Edwards  judged  the  noise  level 
of  a boom  averaging  1.69  psf  overpressure  ( A P)  and  rise-time  (y  ) 
of  0.005  seconds  as  being  equivalent  to  aircraft  flyover  noise  of  105 
PNdB.  Expressing  this  information  mathematically  as  a linear 
equation,  we  have: 

PNdB  = K + 20  Logl0  AP /T 

105  = K + 20  Log10  1.69/. 005 

105  = K + 20  Log10  338 

105  = K + 20  (2.5) 

K = 105  - 50 


K = 55 

The  general  formula  for  estimating  the  perceived  level  of  a sonic 
boom  is,  therefore: 

Perceived  Level  (PLdB)  = 55  + 20  Log10AP  (PSF/  y (SEC)  (1) 

Equation  (1)  is  plotted  in  Figure  1 employing  an  overpressure  versus  rise- 
time plot  which  yields  the  appropriate  perceived  level  in  decibels,  PLdB. 
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Overpressure  - Ibs/ft 


It  was  proposed  that  the  equation  for  predicting  human  reaction  to  sonic 
boom  be  labeled  PLdB,  the  perceived  level  in  decibels,  as  outlined 
in  the  work  of  S.  S.  Stevens  (Reference  3).  The  PLdB  level  mav  then 
be  construed  to  be  a measure  of  how  people  react  to  sonic  booms.  The 
Perceived  Level,  PLdB,  measure  has  another  advantage  in  that  it  solves 
a largely  semantic  problem.  That  is,  how  can  one  have  an  acceptable 
perceived  noise  level  when  by  definition  "noise"  is  "unwanted  sound". 

As  a result,  an  operating  agency  has  the  real  problem  plus  a pseudo 
problem  of  trying  to  find  an  acceptable  level  of  something  that  is  by 
definition  "unwanted". 

To  eliminate  this  problem  in  communication,  it  was  proposed  that  the 
terminology  perceived  level  (PLdB)  be  adopted.  This  was  borne  out  by 
the  test  findings  that  there  are  indeed  perceived  levels,  PLdB,  of 
sonic  booms  which  are  acceptable  to  the  people  exposed  to  them.  (Re- 
ferences 4 and  5) . 

By  studying  the  relationship  expressed  in  the  above  equation,  it  also 
became  apparent  that  a possible  design  window  may  be  opened  for  super- 
sonic aircraft  operations  over  populated  areas  when  the  overpressure  and 
rise-time  conditions  for  acceptable  sonic  boom  perceived  levels  are  met. 

Equation  (1)  was  rewritten  to  accommodate  other  units  of  overpressure 
measurement.  For  example: 

Perceived  Level  (PLdB)  =21  + 20  Log10  AP  (N/M2)/  (SEC)  (2) 

Perceived  Level  (PLdB)  = 1 + 20  Log^p  AP  / T*  (SEC)  (3) 
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Rise  Time  --  SEC. 


Equation  (1)  (PLdB) 


FIGURE  2.  COMPARISON  OF  PREDICTION  BY  EQUATION  (1) 
AND  METHODS  OF  PEASE  AND  MAY 


Figure  2 presents  a comparison  of  the  results  obtained  by  using 
Equations  (1) , (2)  or  (3)  which  are  identical  but  use  different  units 
of  measurements,  i.e.,  psf,  N/M2  and>f0  respectively  with  the  Fourier 
transform  computer  program  calculations  of  Pease  (Reference  12)  based 
on  the  theory  of  Zepler  ahd  Harel  (Reference  6). 

The  resulting  estimated  perceived  levels  are  in  good  agreement,  i.e., 
within  1 or  2 PLdB  of  each  other  in  the  important  potential  certifica- 
tion or  design  window  that  is  in  the  90  to  100  PLdB  range. 

Figure  2 also  shows  that  the  levels  estimated  using  the  method  of  May 
(Reference  13)  vary  considerably  with  the  levels  determined  by  the  other 
methods . 

The  perceived  level  relationship  with  overpressure  and  rise-time 
expressed  in  Equation  (1),  (2),  and  (3)  was  also  tested  using  the  GASL 
traveling  wave  sonic  boom  simulation  facilities.  The  tests  using  the 
magnitude  estimation  and  acceptability  judgement  of  42  subjects  are 
described  in  Reference  5.  The  results  confirmed  that  Equations  (1), 

(2)  and  (3)  accurately  predicted  the  perceived  levels  of  the  sonic  booms 
ranging  from  83  to  107  PLdB.  The  fifteen  different  sonic  booms  tested 
had  pressure  signatures  which  varied  from  0.1  to  3.2  pounds  per  square 
foot  (psf)  of  overpressure  with  rise-times  ( T ) of  4,  6,  8 and  12 
milliseconds . 

The  accuracy  of  Equation  (1)  in  predicting  sonic  boom  perceived  levels 
is  shown  in  Figures  3 and  4,  which  present  the  comparison  of  psychophysical 
test  results  with  the  predicted  PLdB  level  using  Equation  (1)  (Reference  S) . 
The  perceived  levels  computed  using  Stevens  Mark  VII  procedure  are  also 
shown. to  be  in  agreement  with  the  results  calculated  using  Equation  (1). 
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APPROACH 


The  preceding  work  dealing  with  the  perceived  level  of  impulsive 
sounds  (References  4,  5,  7,  8)  led  to  the  idea  and  the  hypothesis 
to  be  tested  here  that  there  is  a similar  simple  approach  to  quanti- 
fying steady-state  sounds  such  as  those  produced  by  aircraft  opera- 
tions. Simply  stated,  it  is  based  on  the  idea  that  human  response 
to  sound  or  its  perceived  level  PLdB  is  a summation  of  the  temporal 
function  of  the  pressure  changes  (^P)  from  ambient  and  the  amount 
of  time  (7~)  required  to  reach  the  peak  pressure.  This  time  is  one- 
fourth  of  the  period  (T)  required  to  complete  one  cycle.  It  is  during 
the  time  period  T/4  seconds  that  each  pressure  wave  reaches  its  maxi- 
mum peak  pressure  ( AP) . Any  pressure  unit  may  be  used  such  as  pounds 
per  square  foot  (psf ) , Newtons  per  square  meter  (N/m2)  or  microbars 
(uB)  which  are  equal  to  1 dyne/ cm2. 

It  should  be  noted  that  the  time  to  reach  peak  pressure  T/4  seconds 
is  also  equal  to  l/4f  seconds  or  the  reciprocal  of  four  times  the 
frequency. 

Equation  (3),  PLdB  =1  + 20  Logio  <^P  (M$)/T^  (Seconds),  for 

impulsive  sound  may,  therefore,  be  rewritten  substituting  for  either  T/4 
seconds  or  4f  (Hz)  yielding  several  new  equations  which  may  be  tested  for 
accuracy  in  predicting  the  perceived  level  of  steady  state-sounds: 

PLdB  =1  + 20  Log10  [AP  (h8)/  T/4  (Seconds)]  (4) 

and 

PLdB  =1  + 20  Log io  (HP)  4f  (Hz)]  (5) 

and 

PLdB  = 13  + 20  Logio  [AP  (MP)  f (Hz)]  (6) 

as  20  Logio  = 12  which  is  added  to  the  constant  1 and  eliminates  4 
from  the  variable  f. 
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Equation  (6)  then  re-states  the  hypothesis  that  there  is  a direct 
relationship  between  the  interaction  of  pressure  and  frequency  and 
the  perceived  level  of  steady-state  sounds  such  as  those  generated 
during  aircraft  operations.  This  is  also  true  of  Equations  1,  2 and 
3 for  calculating  the  perceived  level  of  impulsive  sounds  such  as 
sonic  booms  generated  by  supersonic  aircraft.  The  perceived  level 
of  the  impulsive  sound  is  also  directly  related  to  the  pressure  and  . 
frequency  content  of  the  sonic  boom  spectra.  This  is  based  on  the 
inverse  relationship  of  the  rise-time  (<>^  to  the  perceived  level 
because  the  greater  the  rise-time  the  less  high  frequency  content  of 
the  audible  boom  and  the  shorter  the  rise-time  the  greater  its  high 
frequency  content.  Therefore,  this  last  impulsive  sound  is  perceived 
as  being  louder  or  noisier  for  the  reason  that  doubling  the  frequency 
content  of  the  boom  adds  6dB  (i.e.  20  Logjo  f)  even  though  the 
physical  measured  pressure  remains  the  same. 
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Equation  (6)  may  be  stated  in  general  terras  and  logarithmic  form 
as  follows: 

Perceived  Level,  PLdB  = k + 20  Logio  P(>»l)  + 20  Logio  f (Hz)  (7) 

As  the  formula  for  dB  may  be  written  as  dB  = 74  + 20  Logio  P (uB) , 
when  dB  formula's  numerator  is  divided  by  the  denominator  0.0002  uB, 
then  dB  - 74  = 20  Logio  p (tf8)  • Therefore, 

Perceived  Level,  PLdB  = k + P(dB)  -74+20  Logio  f (Hz)  (8) 

The  absolute  value  of  PLdB  is  determined  by  the  frequency  selected 
as  a standard  for  psychoacoustic,  i.e.,  psychophysical  scaling  purposes. 
For  example:  When  1000  Hz  is  used  as  the  standard  comparison  frequency, 

then  the  perceived  level,  PLdB  is  equal  to  the  physical  measure  of  dB 
at  all  pressure  levels  having  a frequency  of  1000  cycles  per  second. 

The  value  of  k will,  therefore,  vary  as  the  standard  frequency  for  psy- 
choacoustic, i.e.,  psychophysical  scaling  purposes  is  changed.  For 
example:  When  1000  Hz  is  used  as  the  standard  at  100  dB  then: 

PLdB  = k + P(dB)  -74+20  Logio  1000  (Hz) 

100  = k + 100  -74+30 

k = 14  (when  1000  Hz  is  selected  as  the  standard  frequency)  (9) 

When  3150  Hz  is  selected  as  the  standard  then  k in  Equation  (9)  is 
equal  to  4.  The  absolute  value  of  the  perceived  level  is,  therefore, 
lOdB  lower  when  the  psychoacoustic  scaling  is  based  on  a standard 
frequency  of  3150  Hz  compared  to  the  perceived  level  obtained  when  the 
psychoacoustic  standard  selected  is  1000  Hz. 

The  formula  selected  for  testing  herein  is  based  on  a standard  frequency 
of  1000  Hz  (as  in  the  Part  36  tables  used  by  the  FAA  in  certification 
of  aircraft  noise)  with  a k value  of  14,  therefore,  the  perceived  level, 
PLdB  formula  to  be  tested  is  as  follows: 

PLdB  = 14  + dB  - 74  + 20  Log10  f (Hz)  (10) 

PLdB  = P(dB)  - 60  + 20  Log10  f (Hz)  (11) 


Equation  (11)  is  also  equal  to  the  following  equations  which  are 
of  course  mathematical  identities: 


' PLdB  = 20  Log10 


PW)  _k.  f(Hz) 

.0002 £«*)  1000(Hz) 


(11a) 


PLdB  = 10  Logj^o 


p(AEU-  JM 


0062(11$)  1000  (Hz) 


(Hb) 


PLdB  = 10  Log10 


101-4  P2.(m$)  f2(Hz) 


(11c) 


It  can  be  seen  by  examining  equation  (11a)  that  the  absolute  level  of 
PLdB  is  determined  by  two  reference  levels  one  for  pressure;  .0002uB 
and  the  other  for  frequency,  1000Hz. 

Equations  (lib)  and  (11c)  make  clear  that  the  perceived  level  of 
sound  is  a function  of  pressure  squared  and  frequency  squared  or  an 
energy  relationship. 

The  perceived  level  PLdB  relationship  with  sound  pressure  level  and 
frequency  per  one-third  octave  bands  is  presented  in  Table  I as 
computed  using  Equation  (11). 

It  is  interesting  to  note  that  Equations  (6)  and  (11)  differ  solely  in 
the  value  of  k being  13  versus  14  or  a 1 dB  difference.  Each  equation 
was  derived  independently.  Equation  (6)  was  derived  from  the  impulsive 
sound  formula  number  (3) . While  Equation  (11)  was  derived  from  the 
fact  that  the  perceived  dB  level  must  equal  the  physical  dB  level  when 
it  occurs  at  the  standard  frequency. 

Equation  (11)  is  chosen  for  testing  herein  as  it  is  the  simplest  and 
most  precise  way  of  relating  the  psychophysical  to  the  physical  char- 
acteristics of  sound  pressure  and  frequency. 
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The  PLdB  is  determined  first  in  each  of  the  24  one-third  octave  bands 
(or  8 octave  bands  if  data  is  in  octave  bands)  using  Equation  (11)  and  the 
appropriate  mid- frequency  and  P(dB) , unweighted  sound  pressure  level.  The 
PLdB  for  the  aircraft  flyover  is  determined  by  obtaining  the  logarithmic 
sum  of  the  PLdB,  perceived  levels  calculated  in  each  one-third  octave  band. 

i-e.,  

PLdB  = 10  Logjg  antilogy  PLdB^  + antilogy  PLdB2...+  antilogy 

10  10 

The  Perceived  Level,  PLdB  contours  computed  by  Equation  (11)  with 
1000  Hz  as  the  standard  frequency  which  are  tested  in  this  report  are 
presented  in  Figure  5. 

The  perceived  levels  calculated  using  Equation  (11)  are  presented  in 
Table  I. 


1 1 - 5 


w 


g 7 SO  l(  1 2 /3  /4  ^5  /<>  n /$  /?  20  a z 
IOOO 

OCTAV& : 3 A HO  . HZ 


FIGURE  5.  PERCEIVED  LEVEL,  PLdb,  CONTOURS  WITH 
1000Hz  AS  THE  STANDARD  FREQUENCY. 
PLdB  = P(dB)  -60+20  Log. f f (Hz) , 
TESTED  IN  THIS  REPORT. 
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SECTION  III 


RESULTS 


What  determines  how  valid  and  useful  a particular  engineering  calcula- 
tion procedure  is  in  accurately  expressing  the  perceived  level  of 
aircraft  operations  depends  on  the  extent  that  it  corresponds  or  cor- 
relates with  direct  judgement  results.  Therefore,  the  procedure  used 
to  determine  the  performance  of  dB(A),  PNdB,  PLdB  (Mark  VII)  and 
PLdB  (Equations  11  and  12)  was  to  calculate  the  Pearson  •^-^correla- 
tion between  the  calculated  levels  and  the  logarithm  of  the 
average  magnitude  estimation  judgements  of  thirty-five  persons.  In 
order  to  provide  an  adequate  test  a diverse  group  of  aircraft  was 
selected.  They  included  Boeing  747,  Beech  99,  HU-1  Helicopters  and 
a V/STOL  simulation  with  a strong  2 KHz  tone  so  as  to  include  turbofan 
and  turboprop  powered  conventional  aircraft,  turbine  powered  helicopters 
and  simulated  aircraft  with  a strong  predominate  tone.  All  aircraft 
flyovers  were  judged  at  five  levels  and  included  takeoff  and  approach 
operations.  This  mix  of  aircraft,  levels  and  operations  provides  an 
adequate  test  of  the  various  calculation  procedures  due  to  the  diverse 
spectral,  temporal,  tone,  and  onset  characteristics  of  the  sounds  which 
will  be  evaluated. 

The  complete  details  regarding  experimental  procedures  are  contained 
in  Reference  14.  The  purpose  here  is  to  determine  the  correlation  of 
the  perceived  levels  calculated  at  five  different  levels  for  each  of 
four  different  aircraft  with  the  direct  judgement  results. 

The  object  was  to  quantify  this  relationship  by  using  the  Pearson  "^xy 
correlation  between  the  various  engineering  calculation  procedures  x 
and  the  magnitude  estimation  judgements  y for  each  aircraft  and  for  all 
aircraft  combined.  This  was  done  at  five  levels,  i.e.,  57,  61,  65,  69 
and  73  dB(A)  which  may  be  experienced  by  persons  in  their  homes  corre- 
sponding to  out-of-doors  levels  ranging  from  approximately  77  to  93  dB(A) 
In  like  manner,  the  Pearson^xy  correlation  between  the  various  calcula- 
tion procedures  and  the  judgements  for  all  four  aircraft  combined 
quantifies  how  well  each  calculation  procedure  does  for  diverse  types 
of  aircraft  over  a range  of  perceived  levels. 

Next,  the  linear  regression  equation*for  each  aircraft  examined  alone 
and  for  all  aircraft  combined  was  determined  and  plotted.  In  this 
way,  the  exact  relationship  between  the  calculation  procedures  and  the 
human  judgements  has  not  only  been  quantified  for  each  aircraft  and 
all  aircraft  combined  but  presented  graphically  covering  all  levels  and 
showing  clearly  the  relationship  of  the  different  calculation  procedures 
to  the  human  judgements  for  each  aircraft  viewed  individually  and  for 
all  aircraft  combined  over  the  range  of  sounds  from  aircraft  operations 
most  likely  to  be  experienced  by  persons  in  their  homes. 

*See  Handbook  of  Chemistry  and  Physics,  45th  Edition  Published  by  the 
Chemical  Rubber  Co;  Pg.  A- 164  for  example  of  (product -moment)  co- 
coefficient of  correlation  and  regression 
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FIGURE  7.  THE  RELATIONSHIP  BETWEEN  THE  PNdB  CALCULATION  PROCEDURE  AND  MAGNITUDE 

Estimation  judgements  for 'each  aircraft  and  for  all  aircraft. 


FIGURE  8.  THE  RELATIONSHIP  BETWEEN  THE  PLdB  (MARK  VII)  CALCULATION  PROCEDURE  AND 
MAGNITUDE  ESTIMATION  JUDGEMENTS- FOR  EACH  AIRCRAFT  AND  FpR  'ALL  AIRCRAFT 


FIGURE  9.  THE  RELATIONSHIP  BETWEEN  THE  PLdB  (EQUATIONS^ 11  & 12)  CALCULATION  PROCEDURE 
AND  MAGNITUDE  ESTIMATION  JUDGEMENTS  FOR  EACH' AIRCRAFT  AND  FOR  ALL  AIRCRAFT.- 


The  results  are  presented  graphically  in  Figures  6,  7,  8,  and  9.  Each 
figure  presents  a different  engineering  calculation  procedure  PNdB, 

PLdB  (Mark  VII),  dB(A)  and  the  calculation  procedure  developed  and 
tested  in  this  report  PLdB  (Equations  11  and  12).  The  correlation  of 
each  procedure  with  the  human  judgement  may  be  seen  for  each  aircraft 
and  for  all  aircraft  combined.  How  well  the  calculation  procedures 
predict  or  measure  human  response  in  terms  of  annoyance  or  the  perceived 
level  of  noisiness  or  loudness  may  also  be  seen  clearly  at  all  levels.  v 

These  results  viewed  graphically  in  Figures  6 through  9 are  quantified 
first  for  all  aircraft  combined  in  Table  II.  These  are  the  Pearson **xy 
correlation  coefficients  which  express  the  degree  of  relationship  be- 
tween the  calculation  procedures,  x and  the  human  judgements  y.  This 
correlation^xy  has  a possible  range  from  -1.0  to  1.0  with  1 being  per- 
fect correlation  and  0 showing  no  correlation  between  the  variables  of 
interest.  The  Pearson  ^cy  correlation  coefficient  is  an  extremely  power- 
ful statistic  being  rated  at  100  percent  power  in  terms  of  statistical 
power  in  showing  relationship.  It  is,  therefore,  most  appropriate  for 
this  analysis  of  how  well  each  procedure  measures  the  perceived  level 
of  aircraft  during  approach  to  landing  and  takeoff  operations. 

Table  II  discloses  how  well  each  engineering  calculation  procedure 
expressed  the  judgements  of  thirty-five  persons  exposed  to  five  dif- 
ferent levels  of  sound  for  each  of  four  very  different  aircraft.  The 
Pearson  ^xy  correlation  coefficient  quantifies  the  relationship  between 
procedures  and  the  judgements.  PNdB  has  the  lowest  correlation  of  .75 
with  higher  correlation  of  .82  for  PLdB  (Mark  VII)  and  of  .80  for  dB(A) 
with  the  highest  correlation  found  for  PLdB  (Equations  11  and  12)  of  .90. 


III-6 


TABLE  II.  CORRELATION,  *XY  OF  ENGINEERING  CALCULATION  PROCEDURES,  X 
WITH  HUMAN  JUDGEMENT  RESULTS,  Y FOR  ALL  AIRCRAFT: 

BOEING  747.  BEECH  99,  HU-1  HELICOPTERS  AND  V/STOL  WITH  STRONG  TONE 


PEARSON  ^xv  AMOUNT  OF  VARIABILITY,'1' xy 
CALCULATION  PROCEDURE  ALL  AIRCRAFT*  ACCOUNTED  FOR  BY  PROCEDURE 


PLdB  (Mark  VII) 
dB  (A) 

PLdB  (Eqs.  11  6 12) 


*N.B.  All  correlations  are  statistically  significant  at  the  1%  level. 
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The  last  column  of  Table  II  presents  a measure  of  the  amount  of 
variability,  A^xy,  in  the  relationship  between  the  calculation  pro- 
cedures and  human  judgements  of  these  diverse  aircraft  sounds  which 
is  accounted  for  by  the  calculation  procedure.  PNdB  accounts 
for  56  percent,  PLdB  (Mark  VII)  for  67  percent,  dB/(A)  for  64  percent 
and  PLdB  (Equations  11  and  12)  accounts  for  81  percent  of  the  varia- 
bility. These  results  are  a very  surprising  and  highly  significant 
outcome  because  they  validate  a new  engineering  calculation  procedure 
derived  a priori  both  from  impulsive  sound  roots  contained  in 
Equation  (3)  and  also  derived  by  a new  psychophysical  calculation 
procedure  used  in  originating  Equations  (11)  and  (12).  It  validates 
the  energy  relationship  between  sound  and  its  perceived  level  as 
clearly  disclosed  by  Equations  (lib),  (11c)  and  (12).  The  perceived 
level  of  a sound  is  a logarithmic  function  of  sound  pressure  squared 
and  the  frequency  of  the  sound  squared.  This  statement  is  true  of 
all  sound  viewed  as  a continuum  running  from  impulsive  type  sound  such 
as  produced  by  supersonic  flight  i.e.,  sonic  booms  as  expressed 
mathematically  in  Equation  (3)  through  steady-state  sound  such  as 
produced  by  aircraft  takeoff  and  approach  to  landing  operations  as  ex- 
pressed in  Equations  (11)  and  (12). 

The  above  results  are  the  severest  possible  test  of  an  engineering 
calculation  procedure  as  it  shows  how  well  the  procedure  measures 
widely  differing  aircraft  flyover  sounds  at  five  levels  which  span 
low,  medium  and  high  perceived  levels  which  may  be  experienced  by 
persons  in  their  homes. 

All  of  the  correlations  contained  in  Table  II  are  statistically 
significant  at  the  one-percent  level  signifying  a valid  relationship 
existing  between  engineering  calculation  procedures  and  human  judge- 
ments at  the  99  percent  level  of  confidence. 

The  perceived  level  of  each  flyover  as  calculated  by  the  different 
engineering  calculation  procedures  and  the  human  judgement  results  are 
contained  in  Appendix  B. 
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SECTION  IV 


DISCUSSION 


The  high  Pearson  correlation  found  of  .90  or  xy  of  .81  indicates 
that  PLdB  (Equations  11  and  12)  accounts  for  81  percent  of  the  vari- 
ability between  human  judgement  results  and  the  flyover  sounds.  This 
is  a surprising  and  significant  result  considering  the  diverse  nature  of 
the  flyover  sounds  for  the  four  different  aircraft  at  five  levels 
which  may  be  heard  in  persons  homes  near  airports  between  50  and  80 
PLdB.  This  high  correlation  is  based  solexy  on  the  pressure  and  fre- 
quency content  of  the  flyover  signals.  The  correlation  increases  with 
the  incorporation  of  a duration  correlation  computed  as  currently  out- 
lined in  FAA  Part  36  regulations. 

These  results  confirm  the  energy  relationship  between  the  perceived 
level  of  a sound  and  the  logarithmic  sum  of  the  sound  pressure  squared 
and  frequency  squared  as  clearly  seen  when  Equation  (11)  is  expressed 
as  in  Equations  (lib)  and  (lie) . 

Equation  (11)  was  first  derived,  as  Equation  (6),  from  Equation  (3)  an 
equation  which  had  been  shown  in  Reference  3 to  correctly  calculate  the 
perceived  level  of  impulsive  sounds  such  as  a sonic  boom.  It  was  then 
derived  independently  by  stating  mathematically  the  psychophysical  hypo- 
thesis that  the  perceived  level  of  a sound  is  equal  to  its  sound  pressure 
level  at  the  standard  frequency.  These  two  independent  approaches 
resulted  is  Equations  (6)  and  (11)  which  differ  by  only  1 dB.  These 
equations,  (3)  for  impulsive  sound  and  (6)  and  (11)  for  steady-state 
sound,  verify  by  their  high  correlation  with  human  judgement  results 
the  energy  relationship  between  the  perceived  level  of  a sound  and  the 
logarithmic  sum  of  the  sound  pressure  and  frequency  squared.  All 
sound,  therefore,  must  be  viewed  as  a continuum  whether  labled  impulsive 
or  steady-state  sound  by  arbitrary  definition. 

It  is,  of  course,  necessary  to  obtain  the  perceived  level  of  steady-state 
sound  in  all  octave  or  one-third  octave  bands  as  stated  in  Equation  (12). 
Equation  (12)  is  also  an  energy  summation  which  is  necessary  because 
of  the  manner  in  which  steady-state  sounds  are  recorded  and  analyzed. 
Impulsive  sounds  and  steady-state  sounds  are  therefore  identical  in  that 
their  perceived  levels  are  directly  related  to  the  logarithmic  sums  of 
pressure  squared  and  frequency  squared,  i.e.,  an  energy  relationship. 

When  overpressure  versus  time  or  pressure  signature  recordings  are  made 
of  impulsive  sounds  like  sonic  booms  where  peak  overpressure, &P  and 
rise  time, *7- are  readily  available  then  Equation  (3)  may  be  used.  Other- 
wise the  perceived  level  of  impulsive  sounds  may  be  determined  using 
Equations  (11)  and  (12)  just  as  for  steady-state  sound  where  the  tape 


recorded  impulsive  sound  may  be  analyzed  so  that  the  sound  pressure 
levels,  flat  or  unweighted,  are  determined  in  each  one-third  octave 
band.  The  sampling  time  of  course  must  differ  due  to  the  less  than 
one  second  or  a half  second  duration  of  the  impulsive  sound. 

The  Perceived  Level,  PLdB , contours  calculated  by  the  general  Equation 
(9)  vary  with  the  standard  comparison  frequency  chosen.  This  is  the 
frequency  selected  for  the  standard  sound  which  is  used  during  psycho- 
physical  experiments  to  obtain  comparison  judgements  from  test  subjects 
regarding  the  noisiness  or  loudness  of  other  sounds. 

Figure  5 presents  the  Perceived  Level  Contours  which  were  tested  and 
discussed  in  this  report.  They  are  based  on  a standard  frequency  of 
1000  Hz  and  therefore  employ  the  relationship  expressed  in  Equation  (11) 
that  Perceived  Level,  PLdB  = P(dB)  -60+20  Logic  f (Hz).  This,  of 
course,  in  terms  of  the  general  Equation  (9)  based  on  1000  Hz  standard 
equals:  PLdB  *14  + 20  Log^Q  P(jjB)  + 20  Logjg  f (Hz). 

Similar  contours  may  be  constructed  based  on  any  frequency  selected  as 
a standard  frequency  such  as  3150  Hz.  These  contours  would  employ 
the  relationship  expressed  as  follows: 

PLdB  = P(dB)  -70+20  Log10  f (Hz)  (13) 

which  is  in  turn  equal  to  the  following: 

PLdB  =4+20  Log10  P (>0)  + 20  Log1Q  f (Hz)  (14) 

It  is  instructive  to  demonstrate  that  Equation  (11)  yields  the  same 
results  as  its  longer  form  Equation  (7) . As  any  sound  pressure  level 
tested  at  the  standard  frequency  selected,  which  is  1000  Hz  in  this 
example,  will  be  definition  equal  the  perceived  level,  then  for  example: 

100  dB  at  1000  Hz  = P(dB)  -60+20  Log10  f (Hz) 

= 100  -60+20  Log10  (1000) 

= 100  -60+20  (3.0) 

= 100  -60+60 

= 100  PLdB 

Using  Equation  (9)  and  the  fact  that  100  dB  = 20  qB  results  in  the 
following: 

100  dB  at  1000  Hz  = 14  + 20  Log1Q  PQ0)  + 20  Log1Q  f (Hz) 

=14+20  Log ^0  20  + 20  Logjg  1000 
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=14+20  (1.3)  + 20  (3.0) 


=14+26+60 
• = 100  PLdB 

The  perceived  level  contours  based  on  1000  Hz  and  3150  Hz  respectively 
as  the  standard  frequency,  differ  by  10  dB  with  contours  based  on  the 
higher  selected  standard  frequency  yielding  the  lower  perceived  level 
contours.  This  helps  to  explain  in  part  why  there  is  a constant 
difference  between  PNdB  calculations  based  on  1000  Hz  and  PLdB  (Mark 
VII)  based  on  3150  Hz  which  are  found  to  be  lower. 

Figure  10  compares  the  PLdB  (Equations  11  and  12)  contours  of  Figure  5 
with  PNdB  and  PLdB  (Mark  VII)  contours  of  equivalent  perceived  levels. 

It  is  interesting  to  note  that  their  is  general  agreement  between  PLdB 
(Equations  11  and  12)  and  PLdB  (Mark  VII)  in  the  low  frequency  range 
below  1000  Hz  and  with  PNdB  above  1000  Hz  and  extending  to  approximately 
4000  Hz  in  terms  of  absolute  level. 

In  terms  of  general  trend  of  contour  and  disregarding  absolute  level 
there  is  general  agreement  of  contour  shape  between  calculation  procedures 
in  the  low  frequency  range  especially  between  50  and  500  Hz  and  between 
1000  and  4000  Hz. 

The  above  examples  demonstrate  that  the  absolute  level  of  calculated 
psychoacoustic  measures  such  as  PNdB,  PLdB  (Mark  VI),  PLdB  (Mark  VII) 
and  PLdB  (Equations  11  and  12),  depend  partly  on  the  standard  frequency 
on  which  they  are  based.  That  is,  the  frequency  selected  as  the 
standard  comparison  sound  which  was  used  during  psychophysical  tests  to 
obtain  judgements  from  subjects  in  laboratories  regarding  the  noisiness 
or  loudness  of  other  sounds,  and  ultimately  to  invent  a psychoacoustic 
measurement  unit  and  a measurement  system,  determined  the  absolute  value 
of  the  perceived  levels  ultimately  calculated. 
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The  perceived  level,  PLdB  Equation  (11)  relationship  with  sound  pressure 
level  and  frequency,  shown  as  contours  of  equal  perceived  level  in 
Figure  5 and  quantified  in  Table  I,  is  useful  in  the  operational  range 
of  sound  pressure  levels  associated  with  nearby  aircraft  operations  as 
perceived  in  one's  home.  That  is,  above  the  practical  threshold  which 
may  be  thought  of  as  being  approximately  30  PLdB  for  indoor  and  night- 
time conditions  in  one's  home.  PLdB  (Equation  11  and  12)  has  demon- 
strated the  precision  to  express  the  perceived  levels  of  noisiness  or.  , 

loudness  of  aircraft  sounds  above  the  practical  threshold.  In  like 
manner,  it  has  not  been  tested  at  the  upper  limits  defined  by  the  pain 
level  of  approximately  130  PLdB.  It  has  been  tested  and  is  useful  in 
the  practical  operating  levels  associated  with  sounds  perceived  in  and 
about  one's  home  associated  with  aircraft  operations. 

An  additional  consideration  is  the  frequency  range  over  which  Equation 
fil)  is  operationally  useful.  The  range  of  useful  frequencies  tested 
herein  cover  the  customarily  measured  24  one-third  octave  bands  as 
shown  in  Figure  5 and  Table  I.  This  is  borne  out  examining  the  spectra 
contained  in  Appendix  A and  by  the  high  correlation  found  between 
human  judgement  results  and  PLdB  (Equations  11  and  12)  for  four  very 
different  aircraft  spectra. 

It  is  a principle  of  nature  explained  by  the  science  of  physics  that 
the  high  frequencies  attenuate  rapidly  with  distance  from  the  source 
while  low  frequencies  do  not  attenuate  as  rapidly.  As  a result,  the  great- 
er the  distance  from  the  source  the  more  important  the  low  frequencies 
become  for  they  retain  higher  sound  pressure  levels  and  therefore  have 
the  most  impact  on  the  perceived  level  of  the  aircraft  flyover.  The 
perceived  level  of  the  sound  pressure  levels  in  the  frequencies  above 
1000  Hz,  therefore,  when  summed  logarithmically  as  in  Equation  (12),  do 
not  effect  the  perceived  level  of  the  flyover  to  the  extent  that  the 
low  frequencies  do.  This  may  be  visualized  by  examining  Equation  (12) 
and  what  happens  when  the  perceived  levels  in  each  one-third  octave 
band  of  a typical  flyover  are  summed  logarithmically.  If  the  sound 
pressure  level  in  two  of  the  bands  are  equal  their  sum  is  3 PLdB  higher 
than  the  level  of  either  band  alone.  When  there  is  a sound  pressure 
level  difference  of  12  dB  then  the  contribution  of  the  lower  level  is 
only  0.3  PLdB  when  added  logarithmically  to  the  higher  level. 

This  is  what  happens  then  at  the  distances  where  sound  measurements 
are  made  in  the  community  adjoining  airports.  The  low  frequency  bands 
being  relatively  closer  in  sound  pressure  level  to  each  other  and  at 
higher  sound  pressure  levels  than  the  frequencies  above  1000  Hz  contri- 
bute significantly  to  the  energy  and  therefore  the  perceived  level  of 
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the  flyover  event.  On  the  other  hand,  the  frequencies  above  1000  Hz 
have  attenuated  rapidly  with  distance  from  the  source  and  are  at  much 
lower  sound  pressure  levels.  The  high  frequency  bands  therefore  in 
this  mix  of  sound  pressure  levels  and  frequencies  contribute  relatively 
little  energy  and  therefore  contribute  little  to  the  perceived  level 
of  the  flyover  event. 

/ 

An  additional  consideration,  is  the  relative  house  attenuation.  Accord- 
ing to  SAE  Aerospace  Information  Report  1081 , this  grand  average  of 
house  af^enuation  ranges  from  0.5  dB  in  the  low  frequency  range  below 
125  Hz,  o.O  dB  at  250  Hz,  4.9  dB  at  500  Hz;  7.0  dB  at  1000  Hz  8.2  at 
2000  Hz  and  9.2  dB  in  the  4 to  8 KHz  frequency  range.  This  provides 
more  attenuation  of  the  high  frequencies  than  the  low  frequencies  and 
further  emphasizes  the  importance  of  the  low  frequencies  generated  by 
"ircraft  operation  on  the  perceived  (noisiness  or  loudness)  level,  PLdB 
experienced  in  one's  home. 
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SECTION  V 


CONCLUSIONS 


Because  of  the  high  degree  of  correlation  found  to  exist  between 
the  perceived  level,  PLdB  (Equations  11  and  12)  engineering  calculation 
procedure  and  the  human  judgement  results  for  a diverse  mix  of  aircraft 
sounds  it  is  concluded: 

• That  PLdB  (Equation  11  and  12)  offers  a new  and  simple  engineer- 
ing calculation  procedure  for  determining  the  perceived  level 

of  the  sounds  associated  with  aircraft  operations. 

• That  the  relationship  between  the  perceived  level  of  sound  and 
the  physical  nature  of  sound  is  an  energy  relationship  dependent 
upon  the  pressure  squared  and  the  frequency  squared  as  expressed 
in  Equations  (11)  and  (12). 


That  the  perceived  level,  PLdB,  in  each  one-third  octave  band  equals: 

10  Log10  p-"?. ..  ~12 

.0002  uB  1000(Hz) 


That  the  perceived  level,  PLdB,  of  an  aircraft  flyover  or  any  sound 
equals: 


anti 


PLdBi 


antilog 


10  Log10  antilog  PLdBl  + antilog  PLdB2  •••*+antilog  PLdBN 

L 10  10  10 

or  the  logarithmic  sum  of  the  perceived  levels  calculated  in  each 
one-third  octave  band. 


• That  the  perceived  level  of  impulsive  sound  such  as  that  of  a sonic 
boom  and  steady-state  sounds  such  as  experienced  by  persons  in 
their  homes  during  aircraft  operations  is  shown  to  be  directly  re- 
lated to  the  pressure  squared  and  the  frequency  squared  or  an 
energy  relationship. 

• That  the  absolute  perceived  level  calculated  by  an  engineering 
calculation  procedure  is  a function  not  only  of  the  energy  relation- 
ship to  pressure  squared  and  frequency  squared  but  also  to  the  two 

_ reference  levels  selected  for  pressure  and  frequency,  i.e.  0.0002 
dynes/ cm2  and  1000  Hz  as  in  PLdB  (Equations  11  and  12),  PNdB,  dB(A) 
etc.  When  3150  Hz  is  used  as  the  standard  frequency,  as  in  PLdB 
(Mark  VII)  with  0.0002  dynes/cm2  as  the  reference  pressure,  then 
the  absolute  perceived  level  calculated  will  be  10  PLdB  lower,  for 
this  reason  alone,  or  20  Logjg  of  the  difference  in  standard 
frequencies  selected  for  the  psychophysical  system. 


V-l 


• That  a new  psychophysical  system  has  been  developed  and  verified 
for  psychoacoustic  work  consisting  of  the  following  steps: 

1.  The  perceived  level  in  dB  or  PLdB  of  a sound  is  equal  to 
its  sound  pressure  level  in  flat  or  unweighted  dB  at  the 
standard  frequency  chosen  which  is  1000  Hz. 

PLdB  * 20  Log10  P(uB)  f 1000  (Hz)  ~| 

(_0.0002(nB)  1000  (Hz)  J 

2.  The  perceived  level,  PLdB  of  a sound  measured  in  each  one- 
third  octave  band  is  equal  to  the  above  equation  with  frequency 
f equal  to  the  value  of  the  mid-frequency  of  the  one-third 
octavo  band.  This  simplifies  to  the  following  felationship 
when  1000  Hz  is  chosen  as  the  standard  frequency: 

PLdB  = dB  - 60  + 20  Logl0  f (Hz) . 

Where  dB  is  the  sound  pressure  level  measured  in  flat  or 
unweighted  dB  and  f is  the  mid-frequency  of  the  one-third 
octave  band  measured. 

3.  The  perceived  level  of  the  sounds  associated  with  an  aircraft 
flyover  or  any  other  similar  sound  exposure  is  equal  to  the 
logarithmic  sum  of  the  perceived  levels  determined  in  each 
one-third  octave  band. 

PLdB  = 10  Logjo  jantilog  + antilog  pLdB2  . + antilog 

L 10  10  10  J 

4.  The  PIdB  determined  by  the  above  method  PLdB  (Equations  11  and 
12)  may  be  further  corrected  for  duration,  and  tone  if  desired, 
as  pmsently  done  in  Part  36  of  FAA  regulations  to  provide 
EPLdB  (Equations  11  and  12). 
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SECTION  VII 


APPENDIX 


APPENDIX  A-l  and  A- 2 


Measured  takeoff  and  approach  data:  Peak  sound 

pressure  levels  in  24  one-third  octave  bands  for  HU-l 
Helicopter,  Boeing  747,  Beech  99  and  Simulated  Aircraft 
with  strong  tone. 


APPENDIX  B 

Perceived  levels  calculated  by  four  engineering 
calculation  procedures  and  magnitude  estimation  results 
for  four  aircraft. 
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APPENDIX  B.  PERCEIVED  LEVELS  CALCULATED  BY  FOUR 
ENGINEERING  CALCULATION  PROCEDURES  AND 
MAGNITUDE  ESTIMATION  RESULTS  FOR  FOUR  AIRCRAFT 


AIRCRAFT  LEVEL 

Log  io 

MAGNITUDE 
ESTIMATION 
RESULTS  * 

PLdB 

EQUATIONS 
(11)  & (12) 

PLdB 

(MARK  VII) 

PNdB 

dB  (A) 

Boeing  747 

E 

.9 

62.7 

65.5 

72.5 

59.8 

Boeing  747 

D 

.9 

63.0 

67.6 

75.1 

62.7 

Boeing  747 

C 

1.0 

66.3 

72.3 

80.0 

67.6 

Boeing  747 

B 

1.2 

69.9 

74.7 

83.6 

71.4 

Boeing  747 

A 

1.3 

73.6 

78.3 

87.4 

75.3 

Beech  99 

E 

.6 

61.1 

65.7 

75.2 

59.4 

Beech  99 

D 

.7 

62.3 

67.1 

76.9 

61.9 

Beech  99 

C 

.8 

65.1 

71.4 

81.6 

65.8 

Beech  99 

B 

.9 

68.3 

75.5 

85.6 

70.5 

Beech  99 

A 

1.1 

73.2 

79.7 

89.9 

74.4 

HU-1  Helicopter 

E 

.9 

61.1 

65.4 

71.8 

58.1 

HU-1  Helicopter 

D 

.9 

64.7 

69.5 

77.1 

62.7 

ITU-1  Helicopter 

C 

1.1 

66.2 

72.4 

81.0 

66.1 

HU-1  Helicopter 

B 

1.1 

69.4 

76.0 

85.2 

70.0 

HU-1  Helicopter 

A 

1.2 

72.7 

78.9 

88.5 

73.1 

V/STOL  Simulation 

E 

1.0 

6-7.3 

68.5 

76.9 

61.8 

W:.th  Strong  Tone 

D 

1.1 

69.7 

71.5 

80.4 

65.2 

Kith  Strong  Tone 

C 

1.2 

73.7 

75.2 

84.2 

68.8 

With  Strong  Tone 

B 

1.4 

77.2 

78.3 

88.4 

72.9 

With  Strong  Tone 

A 

1.4 

80.8 

81.6 

91.7 

76.0 

*Mean  of  35 

Magnitude  Estimation  Judgements 

for  Each 

Flyover. 
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